Abstract: A series of novel 2,5-dioxopyrrolidines were synthesized by the one-pot reaction of coumarin-3-carboxylic acids 1 with thiourea derivatives and alkyl isocyanides in the presence of Fe 3 O 4 NPs @ lipase as heterogeneous reusable nanobiocatalysts with high yields.
Introduction
The pyrrolidine ring is found in large compounds demonstrating a significant range of biological activities. Review of the literature has shown that pyrrolidines are well known for their remarkable biological properties, such as anticonvulsant, 1,2 anti-HIV-1, 3 antitumor, 4 ketoamide-based cathepsin K inhibitor, 5, 6 antimicrobial,
7−9
and sphingosine-1-phosphate (S1P) receptor agonist 10,11 activities.
Multicomponent reactions (MCRs) are useful tools for the efficient synthesis of heterocyclic compounds due to their environmental friendliness, atomic economy, and green specifications. These reactions proceed through one-pot reactions to form complex heterocyclic structures.
12−14 Therefore, MCRs can decrease the cost of starting materials and the formation of chemical waste, and they can give higher yields in shorter reaction times than multistep syntheses. 15−20 Moreover, MCRs that can form compounds that are bioactive molecules from simple starting materials have been considered in recent years.
21
Biocatalysts are among the most powerful tools in both organic and bioorganic synthesis because of their good selectivity, high efficiency, and environmental tolerability. 22−24 It has been shown that several hydrolases like lipases are valuable and useful catalysts in organic reactions such as aldol reactions,
25−28
Mannich reactions, 29 Markovnikov reactions, Michael addition, 30 Diels-Alder reactions, 31 and some other domino reactions. Recently, Wang et al. reported a novel lipase-catalyzed direct three-component reaction.
29
As a result of these observations and in continuation of our previous works on the synthesis of novel heterocyclic compounds, 32−35 we would like to report an efficient and straightforward protocol for the diastereoselective synthesis of new pharmaceutically relevant 2,5-dioxopyrrolidines using Fe 3 O 4 NPs @ lipase as heterogeneous reusable nanobiocatalysts (NBCs) in a three-component fashion.
Results and discussion
Initially, a three-component reaction of coumarin-3-carboxylic acid 1a, thiourea 2a, and cyclohexyl isocyanide 3a was performed in dioxane at room temperature and after 1 week the yield was measured. Thereafter, we examined the formation of 2,5-dioxopyrrolidine 7a at 50, 60, and 70
• C such that 7a was isolated in 30% yield after 72 h at 50
• C (Table 1 , entry 2) and 60% yield after 48 h at 60 and 70
• C (Table 1 , entries 3 and 4). from Aspergillus niger (ANL), and catalyst amount), and temperature were further optimized (Table 1 ). In addition, the influence of enzyme concentration on the reaction was examined. As shown in Table 1 , when 10 mg of NBC was used in the reaction, the yield was only 40% ( To study the scope of the reaction, this methodology was examined employing different coumarin-3-carboxylic acids, alkyl isocyanides, and thiourea derivatives. The corresponding 2,5-dioxopyrrolidines 7a-7m were diastereoselectively synthesized in good isolated yields in dioxane at 60
• C after 4 h in the presence of 25 mg of NBC ( Table 2 ).
The structures of 2,5-dioxopyrrolidine derivatives were confirmed by FT-IR and 1 H and 13 C NMR spectroscopy and mass spectrometry.
The mass spectrum of 7a showed the molecular ion (M +• ) peak at m/z: 375.5, which was in line with that of the product's structure. As shown in Figure 2 , compounds 7a-7l possess two chirality centers and they can exist as two diastereoisomers, namely 7(a-l) I (RR) or their enantiomer (SS) and 7(a-l) II (RS) or their enantiomer (SR).
The 1 H and 13 C NMR spectra of compounds 7a-7l showed only one diastereoisomer. The vicinal coupling constant ( 3 J HH = 5.2 Hz) for two methine groups indicates that a thermodynamically stable trans isomer of 2,5-dioxopyrrolidine 7(a-l) I was formed. In addition, compound 7m possesses three chirality centers, and it can exist as four diastereoisomers, namely SRR, SSS, SRS, and SSR. The 1 H and 13 C NMR spectra of compound 7m showed only one diastereoisomer. Thus, the reaction is diastereoselective. In the proposed mechanism, in the first step the chiral amino acid residue of histidine activates the carbonyl of the carboxylic acid group by hydrogen bonding and therefore differentiates between the two sides of the double bond in compound 1 for Michael addition of isocyanide 3. Trans iminolactone 4 is then formed diastereoselectively through preferential Michael addition reaction of 3 to one side of the α ,β -double bond of 1. The nucleophilic attack of the NH group of thiourea 2, followed by an intramolecular nucleophilic reaction, yields intermediate 6. Intermediate 6 contains an electrophilic thioimide moiety, and it is well known that imides have strong acylating properties. 37, 38 Therefore, intramolecular nucleophilic reaction of the thioimide moiety of 6 with the amide NH group produces trans 2,5-dioxopyrrolidines 7 diastereoselectively. Meanwhile, the NBCs (Fe 3 O 4 NPs @ lipase) with the amino acid residue of histidine and aspartic anion result in the activation of carbonyl and NH groups via hydrogen bonding in different steps 39−44 ( Figure 3 ).
The reusability of the NBC was also investigated in the synthesis of 7a as a model reaction. The recovered catalyst was washed five times with ethanol, dried for 24 h at 25
• C, and reused for the next run of the reaction.
The results showed that the catalyst could be reused for six cycles without significant loss in the product yield ( Figure 4 ). * * * * * * * * * * * * In summary, we have developed an efficient and straightforward protocol for the synthesis of novel 2,5-dioxopyrrolidines using Fe 3 O 4 NPs @ lipase as heterogeneous reusable NBCs. This protocol has several advantages, including excellent yield, environmental friendliness, and short reaction time. An important aspect in this work is that we used a heterogeneous catalyst, which can be easily separated from the reaction mixture using a magnet. The produced 2,5-dioxopyrrolidines can be examined for their biological and medicinal activities.
Experimental
All chemicals and solvents were purchased from Merck and Sigma-Aldrich and were used without further purification. The progress of the reactions was monitored via TLC using silica gel SIL G/UV 254 plates.
Melting points were measured with an Electrothermal 9100 apparatus and were uncorrected.
1 H and 13 C Figure 4 . Recycling studies of NBC in the synthesis of 7a.
NMR spectra were recorded with a Bruker DRX-400 Advance instrument (400 and 100 MHz, respectively) in CDCl 3 and DMSO. Mass spectra was recorded on a Finnigan-Matt 8430 mass spectrometer operating at an ionization potential of 70 eV (ESI). IR spectra (KBr) were recorded on a FT-IR Bruker Vector 22 spectrometer.
General procedure for the preparation of 2,5-dioxopyrrolidines
A mixture of coumarin-3-carboxylic acid derivative (1 mmol), alkyl isocyanide (1 mmol), thiourea derivative (1 mmol), and NBC (25 mg) in 10 mL of dioxane was stirred at 60 • C for 4 h. When the reaction (TLC, eluent:
AcOEt/n-hexane 2/3) was completed, the NBC was separated using a magnet. The solvent was removed under reduced pressure and the residue was separated by chromatography plates using n-hexane/AcOEt as an eluent. 
Physical and spectral data for the synthesized new compounds 7a-7m

N-Carbamothioyl-1-cyclohexyl-4-(2-hydroxyphenyl)-2,5-dioxopyrrolidine-3-carboxamide (7a)
1-(Tert-butyl)-N-carbamothioyl-4-(2-hydroxyphenyl)-2,5-dioxopyrrolidine-3-carboxamide (7b)
White 
1-(Tert-butyl)-4-(2-hydroxyphenyl)-2,5-dioxo-N-phenyl-N-(phenylcarbamothioyl)pyrrolidine-3-carboxamide (7d)
1-(2,6-Dimethylphenyl)-4-(2-hydroxyphenyl)-2,5-dioxo-N-phenyl-N-(phenylcarbamothioyl)
pyrrolidine-3-carboxamide (7f ) 
N-Carbamothioyl-1-cyclohexyl-4-(2-hydroxy-5-methoxyphenyl)-2,5-dioxopyrrolidine-3-carboxamide (7i)
